KCNQ2 and KCNQ3 potassium-channel subunits can form both homomeric and heteromeric channels; the latter are thought to constitute native ganglionic M channels. We have tried to deduce the stoichiometric contributions of KCNQ2 and KCNQ3 subunits to currents generated by the coexpression of KCNQ2 and KCNQ3 cDNA plasmids in Chinese hamster ovary (CHO) cells, and to native M currents in dissociated rat superior cervical ganglion (SCG) neurons, by comparing the block of these currents produced by tetraethylammonium (TEA) with the block of currents generated by a tandem KCNQ3/2 construct. TEA concentration-inhibition curves against coexpressed KCNQ2 plus KCNQ3 currents, and against native M currents in SCG neurons from 6-week-old [postnatal day 45 (P45)] rats, were indistinguishable from those for the expressed tandem construct, and fully accorded with a 1:1 stoichiometry. Inhibition curves in neurons from younger (P17) rats could be better fitted assuming an additional small proportion of current carried by KCNQ2 homomultimers. Single-cell PCR yielded signals for KCNQ2, KCNQ3, and KCNQ5 mRNAs in all SCG neurons tested from both P17 and P45 rats. Quantitative PCR of whole-ganglion mRNA revealed stable levels of KCNQ2 and KCNQ5 mRNA between P7 and P45, but excess and incrementing levels of KCNQ3 mRNA. Increasing levels of KCNQ3 protein between P17 and P45 were confirmed by immunocytochemistry. We conclude that coexpressed KCNQ2 plus KCNQ3 cDNAs generate channels with 1:1 (KCNQ2:KCNQ3) stoichiometry in CHO cells and that native M channels in SCG neurons adopt the same conformation during development, assisted by the increased expression of KCNQ3 mRNA and protein.
Introduction
KCNQ channels are a family of five voltage-gated K ϩ channel subunits, four of which (KCNQ2-5) are present in the nervous system (Jentsch, 2000) . Although they are capable of forming homomeric channels, KCNQ3 subunits can also form heteromeric (presumed tetrameric) channels by coassembly with KCNQ2, 4, or 5 subunits (Jentsch, 2000) . Coassembled KCNQ2 and KCNQ3 subunits probably form the native M channel in rat sympathetic neurons (Wang et al., 1998; Shapiro et al., 2000; Selyanko et al., 2001) . This channel generates a species of lowthreshold, noninactivating K ϩ current (the M current) that regulates the excitability of sympathetic and some central neurons and that is inhibited by stimulating muscarinic acetylcholine receptors and some related G-protein-coupled receptors (Brown and Adams, 1980; Brown, 1988; Marrion, 1997) .
Coexpressed KCNQ2 and KCNQ3 subunits show much higher surface expression (Schwake et al., 2000) and usually generate larger currents (Wang et al., 1998; Yang et al., 1998; Selyanko et al., 2001 ) than when either is expressed alone. Immunoprecipitation studies also show that these two subunits are normally associated in the brain in situ (Cooper et al., 2000) . However, heteromerization is not obligatory for functional channel expression. Furthermore, neither the precise stoichiometry of expressed KCNQ2 plus KCNQ3 combinations nor that of the subunit contributions to the native M channels are yet clear.
The subunit stoichiometry of some other heteromeric K ϩ channels has been assessed by comparing the blocking action of a compound with a widely differing affinity for the two subunits (such as tetraethylammonium, TEA) on homomeric and heteromeric currents (Christie et al., 1990; Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992; Liman et al., 1992) . This approach can also be used for KCNQ2/KCNQ3 channels because homomeric KCNQ2 channels have a much higher (Ͼ100-fold) affinity for TEA than homomeric KCNQ3 channels by virtue of a tyrosine group in the upper pore vestibule, which is replaced by a threonine in KCNQ3 cf. MacKinnon and Yellen, 1990 ; Kavanaugh et al., 1991) . However, previous measurements of TEA inhibition of coexpressed KCNQ2 plus KCNQ3 currents have yielded somewhat conflicting results.
Thus, Wang et al. (1998) (in oocytes) and Hadley et al. (2000) [in Chinese hamster ovary (CHO) cells] obtained monotonic concentration-inhibition curves with a near-unity (0.8) Hill slope, as if the currents were generated predominantly by channels composed of the two subunits in a single (possibly 1:1) stoichiometry. However, Shapiro et al. (2000;  mammalian tsA cells) obtained a shallow (but incomplete) concentration-inhibition curve more compatible with a random subunit assembly.
The interpretation of such experiments can be facilitated by comparing the inhibition of currents generated by coexpressed single subunits with the inhibition of currents generated by tandem cDNA constructs (Kavanaugh et al., 1992; Liman et al., 1992) . Hence, we have compared the effects of TEA on currents generated in CHO cells by coexpression of cDNAs for separate human KCNQ2 and KCNQ3 subunits with its effect on currents generated by expressing a human KCNQ3/2 tandem construct (Wickenden et al., 2000) . We have also compared the properties of these in vitro human KCNQ2/3 M currents with those of native M currents in dissociated rat sympathetic neurons, and have matched the results against the expression of KCNQ subunits as determined by single-cell and whole-ganglion PCR and by immunocytochemistry.
Materials and Methods
DNA plasmids. Human KCNQ2 cDNA (as studied by Wang et al., 1998) was provided by Dr. D. McKinnon (State University of New York at Stony Brook, Stony Brook, NY); the human KCNQ3 and KCNQ3/2 tandem sequences were generated at Icagen, Inc. (Durham, NC). The KCNQ2 cDNA is not identical to the KCNQ2 portion of the dimeric construct, but sequence differences are confined to the C terminal. Principally, a 10 aa stretch (corresponding to exon 8 in Pan et al., 2001 ) is present, and a later stretch of 11 aa (the second half of exon 11) is absent in D. McKinnon's KCNQ2 compared with the Icagen sequence. These are not expected to affect the expression or kinetics appreciably (Pan et al., 2001) , and they are remote from the TEA-sensitive pore region.
Cell culture and transfection. Culture and transfection of CHO cells was as described by Selyanko et al. (1999) . CHO cells were grown at 37°C and in 5% CO 2 in ␣-MEM supplemented with 10% fetal calf serum, 1% L-glutamine, and 1% penicillin/streptomycin. For recording, cells were plated in 35 mm plastic dishes and transfected 1-2 d after plating using LipofectAmine Plus (Invitrogen, Gaithersburg, MD) as suggested by the manufacturer. Plasmids (driven by a cytomegalovirus promoter) containing cDNAs for KCNQ channels and cDNA for CD8 as a marker were cotransfected at a channel:marker ratio of 10:1. Cotransfections of KCNQ2 with KCNQ3 were in a 1:1 weight ratio. Cells for patch clamping were identified using CD8-binding Dynabeads (Dynal, Great Neck, NY) 1 d after transfection. Superior cervical ganglion (SCG) neurons were prepared as described previously (Owen et al., 1990 ) from 17-d-old (P17) or 6-week-old (P45) Sprague Dawley rats, and used after 1 d in culture.
Recording. The perfusing solution contained the following (in mM): 144 NaCl, 2.5 KCl, 2 CaCl 2 , 0.5 MgCl 2 , 5 HEPES, and 10 glucose, plus Tris base to pH 7.4. The pipette solution contained the following (in mM): 90 K acetate, 20 KCl, 40 HEPES, 3 MgCl 2 , 3 EGTA, 1 CaCl 2 , and NaOH to pH 7.4. These solutions give rise to a junction potential of Ϫ7 mV, left uncorrected here for consistency with other publications from this laboratory. Amphotericin B was used to perforate the patch (Rae et al., 1991) . TEA was applied cumulatively in doses of 0.03-30 mM, using 0.2 and 2 M aqueous TEA stock solutions added to the perfusion reservoir. All experiments were done at room temperature (22-26°C).
Data acquisition and initial analysis used pClamp8 software (Axon Instruments, Foster City, CA). Currents were recorded using an Axopatch 200A (or 200B) patch-clamp amplifier (Axon Instruments), filtered at 1 kHz, and digitized at 1-4 kHz. When possible, capacity transients were neutralized and series resistance compensated up to 90%. Current-voltage relationships and time constants were obtained using deactivating steps from a holding potential of Ϫ20 mV. For TEA inhibition, 1 sec steps to Ϫ50 mV were applied from a holding potential of Ϫ20 mV, and the total relaxation amplitude at Ϫ50 mV was measured for a single control trace and a single trace for each dose of TEA.
Analysis. Data were normalized in Excel 97 (Microsoft, Seattle, WA) and plotted in Origin (version 5.0, Microcal Software). TEA concentration-inhibition curves were initially fitted with the Hill equation:
where y is the relaxation amplitude; y max is full inhibition; x is the concentration of the blocker; x 0 is the IC 50 (the concentration at which y/y max ϭ 0.5); and p is the power (equivalent to the Hill slope, n H ). For the two-component fit to TEA inhibition of the rat sympathetic M-current, a modified equation was applied in Origin. This had the form:
where x 0 and x 1 are the IC 50 s for two channel populations with proportional contributions of q and (1 Ϫ q), respectively (other definitions as above). The factor p was not included because we assumed the presence of separate channel populations each with a Hill slope of unity. In all cases, y max was taken to be 100%, even if full inhibition was not obtained at the highest TEA concentration used.
To avoid misleading slope values caused by data averaging, inhibition curves were fitted separately for every cell, before averaging IC 50 and slope values. For IC 50 s, which are log-normally distributed, geometrically/logarithmically based averages are most appropriate. We give here the geometric mean IC 50 (the nth root of the product of n values) as an easily read equivalent to the arithmetically averaged pIC 50 (or negative logarithm of the IC 50 to base 10) for current block. As a trial, a Boltzmann equation was also fitted to inhibition data plotted against log TEA concentrations in Origin (as in Hadley et al., 2000) , for individual KCNQ3/ KCNQ2-expressing cells. The fitting process yielded log IC 50 values matching the logarithms of IC 50 s from the Hill equation fitted to at least three significant digits, so we considered the log transformation of concentrations to be unnecessary for accurate fitting. Hence, all data are expressed as the geometric mean (mM) with 95% confidence limits (CL) in brackets. Statistical analysis was performed in Excel 97 and InStat (GraphPad, version 2.04a; GraphPad Software Inc., San Diego, CA).
Single-cell PCR. The method used here has been adapted from Zawar et al. (1999) . Cytosol from single sympathetic neurons was collected into 7.5 l of recording buffer and eluted into a tube containing 2.5 l of first-strand buffer (2 mM deoxynucleotide triphosphate, 20 M oligodT 15, 40 mM dithiothreitol, and 20 U RNase inhibitor; Roche Products, Hertfordshire, UK). Reverse transcription of mRNA transcripts were initiated by the addition of 100 U Moloney murine leukemia virus reverse transcriptase, RNase H (Ϫ) point mutant (Promega, Madison, WI) and by incubation at 37°C for 1 hr. A multiplex PCR protocol was then used to amplify simultaneously cDNA for KCNQ2-5. Primers were designed to be intron-spanning (as deduced from the human KCNQ genes) and were as follows: rat KCNQ2 (rKCNQ2) 2900 sec AGTGCGGATCA-GAGTCTC; KCNQ2 3126a GCTCTGATGCTGACTTTGAGGC; rKCNQ3 746 sec CAGCAAAGAACTCATCACCG; rKCNQ3 906a ATG-GTGGCCAGTGTGATCAG; rKCNQ4 40 sec CCCTCCAAGCAG-CATCTG; rKCNQ4 420a TTGATTCGTCCCAGCATGTCCA; human KCNQ5 (hKCNQ5) 995 sec GGAACCCAGCTGCCAACCTCAT; and hKCNQ5 1101 sec CTTTCTTGGTAGGGCTGCAG.
Multiplex PCR amplification was performed by the addition of 5 U Taq polymerase (Promega, Southhampton, UK) in a standard PCR buffer to 10 l of single-cell reverse transcriptase (RT) product to give a final volume of 70 l. The primers (10 pmol each) were added in a volume of 30 l. PCR amplification consisted of 35 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and elongation at 72°C for 40 sec; followed by elongation for 10 min at 72°C. The products of the multiplex amplification were purified using the High Pure PCR purification kit (Roche). Gene-specific PCRs were then performed on 3 l of amplified cDNA template. No signals were detected in the absence of template.
Quantitative PCR. Total RNA was extracted from whole ganglia isolated from embryonic day 18 (E18)/E19, P7, P17, and P45 rats and additionally treated with DNase I. First-strand cDNA was synthesized from purified RNA using Superscript II reverse transcriptase and oligo-dT (Invitrogen). Taqman real-time quantitative RT-PCR was performed using ABI Prism 7900 (PE Applied Biosystems, Foster City, CA). Taqman primer and probe sets for KCNQ2-5 targets were designed based on rat (KCNQ2, GenBank accession number AF087453; KCNQ3, AF091247; KCNQ4, AF249748) or human (KCNQ5, AF202977) sequences. They were as follows: KCNQ2-forward: 5Ј-GCGACACGTCCATCTCCAT-3Ј (2412-2431); KCNQ2-reverse: 5Ј-GGAGATACTGAAACCGCTAAAGGA-3Ј (2486 -2462); KCNQ2-probe: 5Ј-CGGTGGACCACGAGGAGCTGGAG-3Ј (2439 -2459); KCNQ3-forward: 5Ј-ACACACCACTGTCCCTCATGTC-3Ј (2234 -2256); KCNQ3-reverse: 5Ј-TCTGTCTTGGGAGATGCTGAAG-3Ј (2414 -2392); KCNQ3-probe: 5Ј-TCAACCACGAGGAACTGGAACG-GTCT-3Ј (2813-2835); KCNQ4-forward: 5Ј-CTGTGAAGACGGTCATC-CGTTCT-3Ј (275-298); KCNQ4-reverse: 5Ј-AGCGTCTCCTTGAATTTC-CTT-3Ј (348 -327); KCNQ4-probe: 5Ј-CAGGATTCTGAAGTTCCT-GGTAGCC-3Ј (300 -325); KCNQ5-forward: 5Ј-GCACCGACCTCCT-CATCAGT-3Ј (2452-2474); KCNQ5-reverse: 5Ј-TCTCGAGGCAGCCAA-GATTT-3Ј (2528 -2509); and KCNQ5-probe: 5Ј-TTTGGATTCTCTC-CACTTGGGATA-3Ј (2475-2499).
Primers and probe for endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from PE Applied Biosystems. The PCRs were performed using Taqman universal PCR master mix (PE Applied Biosystems) with 300 nM primers and 200 nM fluorogenic probe. For the signal detection, ABI Prism 7900 sequence detector was programmed to an initial step of 2 min at 50°C and 10 min at 95°C, followed by 40 thermal cycles of 15 sec at 95°C and 1 min at 60°C. Each measurement was performed in duplicate and repeated. Relative standard curve method (Gibson et al., 1996; Heid et al., 1996) was used to determine the KCNQ2-5 transcript levels in rat SCG. Standard curves for KCNQ2-5 targets and endogenous control GAPDH were constructed using serial dilutions of cDNA fragments cloned from rat dorsal root ganglion. Differences in the total amount of RNA present in each sample were normalized with GAPDH. The final result of the expression level is presented as a percentage of GAPDH.
Immunocytochemistry. Immunocytochemistry for KCNQ subunits was undertaken on neurons dissociated from sympathetic ganglia isolated from 17-d-old and 6-week-old rats (P17 and P45) and cultured on laminin-coated glass coverslips for 1 d. Cultures were rinsed three times with PBS for 5 min, then fixed with freshly prepared 4% paraformaldehyde in PBS for 30 min at room temperature. They were then quenched twice with 0.37% glycine/0.27% ammonium chloride in PBS for 10 min, followed by PBS rinses. After permeabilization with 0.1% Triton X-100 in PBS for 15 min, a blocking solution of 2% bovine serum albumin (BSA) plus 2% fetal calf serum in PBS was applied for 60 min. After rinsing three times with 1% BSA in PBS, the cells were incubated overnight at 4°C with the relevant antibodies diluted in 1% BSA in PBS. The primary antibodies used were goat anti-KCNQ2 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA),rabbit anti-KCNQ3 (1:100; provided by S.A. Burbidge, GlaxoSmithKline, Stevenage, UK), and rabbit anti-KCNQ5 (1:500; provided by A. Villarroel, Cajal Institute, Madrid, Spain). After washing six times for 5 min with 1% BSA in PBS, cells were incubated with tetramethylrhodamine isothiocyanate-or FITC-coupled secondary antibodies (1:1000; Molecular Probes, Eugene, OR). After six additional washes with 1% BSA in PBS and a final wash with PBS alone, coverslips were mounted on ethanol-cleaned slides using a fluorescence mounting medium (DakoCarpinteria, CA) and visualized with a Leica (Nussloch, Germany) confocal microscope. Images were obtained using 40ϫ or 100ϫ objectives with sequential acquisition settings at 1024 ϫ 10 24 pixel resolution. Specificity was checked by preabsorbing the antibodies with the relevant immunogenic peptide (20:1 excess).
Drugs and chemicals. TEA was from Lancaster Synthesis (Windham, NH). All other chemicals were obtained from Sigma (St. Louis, MO) or BDH Chemicals (Poole, UK).
Results

Kinetics of expressed KCNQ2/KCNQ3 currents and native M currents
The concatenated KCNQ3/2 sequence, when expressed in CHO cells and recorded 1 d after transfection, produced substantial currents, often Ն1 nA at Ϫ20 mV, similar in size and shape to those resulting from the cotransfection of equal amounts of KCNQ2 and KCNQ3 cDNA. Figure 1 compares deactivation tail currents generated by hyperpolarizing steps from a holding potential (V m ) of Ϫ20 mV for concatenated and coexpressed human KCNQ2/KCNQ3 channel subunits, and for a rat SCG neuron. Also shown are the averaged deactivation time constants and normalized current-voltage curves. Current deactivation was best fitted with two exponential components, as reported previously for tandem KCNQ3/2 currents (Wickenden et al., 2000) and for coexpressed KCNQ2 plus KCNQ3 currents (Pan et al., 2001) . The current-voltage curves and deactivation kinetics for the coexpressed KCNQ2 and KCNQ3 subunits were virtually indistinguishable from those for the tandem KCNQ3/2 construct. SCG M currents were generally smaller, difficult to compensate, and contaminated by a hyperpolarization-activated current (Lamas, 1998) , making kinetic data harder to measure consistently. Nevertheless, their kinetics were also very similar to those of the expressed KCNQ channels (notwithstanding the species difference): note particularly the comparable time constants. Figure 2 shows examples of the action of TEA on current relaxations from Ϫ20 to Ϫ50 mV, and TEA inhibition curves, for the three currents studied.
TEA inhibition
Inhibition of currents generated by both tandem KCNQ3/2 and coexpressed KCNQ(2 ϩ 3) constructs could be well-fitted by a single-component Hill equation, with unity slopes [mean n H s Ϯ SEM, 0.98 Ϯ 0.08 for KCNQ3/2, and 0.97 Ϯ 0.12 for KCNQ(2 ϩ 3)], and overlapping IC 50 values of 4.1 mM (95% CL, 2.4 -6.9) for KCNQ3/2 and 6.7 mM (4.2-10.8) for KCNQ(2 ϩ 3) (Fig. 2 Ba,Ca). These IC 50 values are in broad accord with previous measurements [3.5 mM for hKCNQ2 plus rKCNQ3 expressed in oocytes (Wang et al., 1998) ; 3.8 mM for hKCNQ2 plus rKCNQ3 in CHO cells: ; 10.5 mM for hKCNQ3/2 tandem (Wickenden et al., 2000) ].
Single-component fits to the results obtained for inhibition of the native M current in 17 SCG neurons from P17 rats yielded an apparent geometric mean IC 50 of 6.8 (3.7-8.5) mM; this was not significantly different from that for the inhibition of expressed KCNQ2 plus KCNQ3 or KCNQ3/2 channels. However, the mean of the individual slopes (0.56 Ϯ 0.04) was significantly below unity, and a single-component fit to the mean data (Fig. 2 Bb, dotted line) was relatively poor. This suggests that a uniform channel population was unlikely. Several (but not all) individual cells showed a noticeable biphasic inhibition, which was also apparent from the mean data (Fig. 2 Bb) . A two-component Hill equation gave an improved fit in most cases, as indicated both by visual matching to the data points and by the 2 value yielded during the least-squares fitting process. Inhibition data for 16 of 17 SCGs could be fitted satisfactorily with a two-component equation, and the fits from these 16 cells were used to derive a 95% confidence interval for the two resulting IC 50 s. An initial attempt using previously obtained IC 50 values (ϳ0.3 and ϳ3 mM for KCNQ2 and KCNQ2 plus KCNQ3, respectively; Hadley et al., 2000) as fixed fitting parameters gave a poor fit. Allowing these parameters to float (with slopes constrained to unity) gave good fits: ϳ0.08 (0.05-0.13) and 16.4 (13.5-19.9) mM (Fig. 2 Bb,Cb) . The mean proportionate contribution of component 1 was 0.27 Ϯ 0.03.
The range of IC 50 values for the highaffinity component of TEA block (95% CL, 0.05-0.13 mM) overlaps with some of the values reported previously for the inhibition of homomeric KCNQ2 channels (means variably between 0.12 and 0.17 mM; Wang et al., 1998; Jow and Wang, 2000; Shapiro et al., 2000; Wickenden et al., 2000; Smith et al., 2001 ). Hence, this component might reflect a contribution by homomeric KCNQ2 channels to the total current. If so, this could relate to the age of the rats used (P17) because Tinel et al. (1998) have reported that KCNQ2 is expressed at an earlier developmental stage than KCNQ3 in mouse brain (see below). To test for this, we repeated the experiments on 10 SCG neurons isolated from 6-week-old rats (P45). In these experiments, the mean data were fitted equally well using a one-or two-component Hill equation (Fig. 3) , and individual curves showed an improved fit using a twocomponent equation in only 2 of the 10 neurons. A one-component fit to each of the individual experiments yielded a geometric mean IC 50 of 5.75 mM (95% CL, 3.1-10.7; i.e., within the range for inhibition of both KCNQ3/2 and KCNQ2 plus KCNQ3 currents), and a mean slope of 1.04 Ϯ 0.13 (i.e., not significantly different from unity).
Single-cell PCR
To test further whether there might be a gross difference in the expression of KCNQ subunits between 17-d-old and 6-week-old rats, we performed single-cell PCR analyses of mRNAs for KCNQ2, 3, 4, and 5 in eight cells isolated from 17-d-old rats and seven cells isolated from 6-week-old rats (Fig. 4) . All cells tested gave detectable signals for KCNQ2, 3, and 5; none gave a signal for KCNQ4.
Quantitative whole-ganglion PCR
The single-cell PCR experiments were not quantitative and so do not provide a measure of the relative amounts of different KCNQ mRNAs. To assess this, we made quantitative estimates of mRNA expression in whole ganglia isolated from rats at different developmental ages against GAPDH mRNA as an internal standard (Fig. 5) . These yielded uniform levels of rKCNQ2 and rKCNQ5 mRNA throughout P7, P17, and P45, with negligible levels of rKCNQ4 mRNA. In contrast, rKCNQ3 mRNA increased progressively from a small excess at E18/E19 to a 10-fold excess at P45. 
Immunocytochemistry
Nearly all neurons showed substantial immunoreactivity for both KCNQ2 and KCNQ5 antibodies at both P17 and P45 stages (Fig.  6) . In contrast, at P17, staining for KCNQ3 was relatively weak and irregular. However, at P45, most cells showed strong reactivity for KCNQ3, especially near the cell membrane. Staining for all three proteins was not confined to the soma, but extended along proximal processes. As a result, at P45, most cells stained for both KCNQ2 and KCNQ3, or for KCNQ5 and KCNQ3, when directly tested using double antibodies (Fig. 7) . Because of the limited range of antibodies available, we could not directly show triple staining for KCNQ2, 3, and 5, but because very few cells were not stained by each of the antibodies, the majority of cells at P45 must have been immunoreactive for all three subunits.
Discussion
KCNQ expression in CHO cells
Currents generated by coexpressed KCNQ(2 ϩ 3) cDNAs were virtually identical to those generated by the tandem KCNQ3/2 construct, in terms of both deactivation kinetics (Fig. 1 ) and TEA inhibition (Fig. 2) .
As might be expected, inhibition of tandem KCNQ3/2 currents by TEA could be well fitted with a single-binding-site Hill equation with unity (0.98) slope. This slope value is the mean of the individual experiments. [In agreement with previous observations (Wickenden et al., 2000) , the slope of the curve fitted to the mean data in Fig. 2 Ba is less than unity; this is a consequence of the variation in IC 50 values between different experiments, which ranged from 1.0 to 11.6 mM.] Assuming a single binding site to a tetrameric channel with a free energy of binding dependent on the number of tyrosines and threonines in the tetramer, and taking the binding constant for homomeric hKCNQ2 channels (with four tyrosines at position 284) to be 0.12-0.17 mM (see above), the predicted binding constant for hKCNQ3 (four threonines) would be between 100 and 140 mM. hKCNQ3 does not express well in CHO cells (Wickenden et al., 2000) , but rKCNQ3 is clearly very insensitive to TEA, and this predicted value would be in accord with extrapolated values from previous (incomplete) concentration-inhibition curves Shapiro et al., 2000) . These K i values of ϳ0.15, 4.1, and Ն100 mM for KCNQ2, KCNQ3/2, and KCNQ3, respectively, are very close to those obtained by Liman et al. (1992) using tandem constructs containing different ratios (0 -4) of wild-type and tyrosine-mutated Kv1.1 subunits. Thus, the data indicate that the tandem KCNQ3/2 construct assembles to yield a tetrameric channel with the pore formed from two KCNQ2 and two KCNQ3 subunits. [It has been reported previously that tandem Shaker constructs do not necessarily fix the stoichiometry of the ex- of whole ganglia isolated from rats at ages E18/E19 (black columns), P7 (white columns), P17 (gray columns), and P45 (hatched columns). KCNQ2-5 transcripts were normalized to GADPH levels and data were expressed as percent of GADPH.
pressed channels after mRNA injection into oocytes, as judged by voltage-sensitivity (McCormack et al., 1992) . However, other pharmacological studies on tandem Shaker constructs yielded data that accorded with the expected stoichiometry (Kavanaugh et al., 1992; Liman et al., 1992) . Although a detailed kinetic comparison of homomeric KCNQ2 and KCNQ3 channels has not yet been completed, their voltagesensitivity is too similar to allow accurate discrimination , but our pharmacological data clearly match that expected for a fixed stoichiometry.]
The results obtained using separate but coexpressed KCNQ2 and KCNQ3 cDNAs were indistinguishable from those obtained for the tandem construct. In particular, the unity Hill slope implies a single population of channels, and the intermediate IC 50 accords with a 1:1 KCNQ2: KCNQ3 stoichiometry. Although it would be difficult to exclude entirely a contribution by homomeric channels (or by heteromeric channels with other stoichiometries) to the overall current, the number of such channels must be very small because the conductances and open probabilities of individual homomeric KCNQ2 or KCNQ3 channels do not differ substantially from those of the heteromeric (coexpressed) channels when expressed in CHO cells . Thus, our data do not support a random assembly of subunits (cf. Shapiro et al., 2000) . Perhaps, as suggested for Kv1.3 channels (Tu and Deutsch, 1999) , channel assembly proceeds through the formation and subsequent association of KCNQ3/2 subunit dimers. Because the surface expression of both KCNQ2 and KCNQ3 subunits is greatly enhanced by heteromeric expression (Schwake et al., 2000) , heteromeric KCNQ3/2 dimer formation followed by dimer-dimer assembly seems most likely.
Native M channels
Although the data for SCG neurons was somewhat more variable, results obtained using ganglion cells isolated from 6-weekold (P45) rats were statistically indistinguishable from those obtained for expressed KCNQ3/2 and KCNQ2 plus KCNQ3 channels (geometric mean IC 50 , 5.75 mM; mean Hill slope, 1.04). Hence, it seems reasonable to presume that native KCNQ/M currents in these cells are also carried predominantly by channels with the same stoichiometry (2ϫKCNQ2 plus 2ϫKCNQ3).
In contrast, many neurons isolated from 17-d-old (P17) rats showed a clear biphasic concentration-inhibition curve, Figure 6 . Immunocytochemical staining of P17 and P45 neurons with antibodies to KCNQ2, KCNQ3, and KCNQ5. The left panels of each pair show bright-field images; the right panels show corresponding dark-field fluorescence images. Note that nearly all neurons in the fields stained for KCNQ2 and KCNQ5 at both P17 and P45, and for KCNQ3 at P45, but that staining for KCNQ3 at P17 was sparser and weaker. Scale bar, 20 m. as did the mean curve. This curve did not accord with random assembly, but instead could be better fitted by assuming two populations of channels with differing affinities for TEA. One possibility is that currents were contaminated by current flow through other, more sensitive, K ϩ channels but this seems unlikely because the kinetics of the deactivation tails (from which inhibition was calculated) accorded with those for expressed KCNQ channels. Instead, the data could be interpreted by assuming that, in these younger neurons, some 26% (on average) of the current was carried by homomeric KCNQ2 channels.
This probably results from a developmental delay in KCNQ3 expression. Thus, the quantitative PCR data showed incrementing levels of KCNQ3 mRNA at P7, P17, and P45, whereas levels of KCNQ2 and KCNQ5 mRNA remained approximately constant over this developmental period. This accords with previous reports that KCNQ2 mRNA expression reaches the adult level by P7 in mouse brain, whereas KCNQ3 mRNA is very low at P3 and continues to increase up to P30 (Tinel et al., 1998) . Likewise, at P17, immunohistochemical staining for KCNQ3 protein was relatively sparse, such that many neurons were devoid of clear staining, whereas nearly all stained for KCNQ2; by P45, nearly all neurons showed strong staining for KCNQ3 protein, particularly at or near the cell membrane. It might be suggested that the excess message for KCNQ3 revealed by the quantitative PCR serves to ensure the appropriate formation and membrane insertion of heteromeric KCNQ2/3 channels.
Another cause of variability in both the kinetics and TEA sensitivity of ganglion cell currents might be the variable expression of different C-terminal splice variants of KCNQ2 (Pan et al., 2001; Smith et al., 2001) . Thus, exon 15a in rat KCNQ2, which slows deactivation kinetics (Pan et al., 2001) , is not present in the human KCNQ2 sequence; this might account for the slightly faster deactivation kinetics of expressed hKCNQ3/2 tandem constructs and coexpressed hKCNQ plus rKCNQ3 constructs (time constants, 60 and 220 msec, and 58 and 280 msec, respectively) than those of native rat ganglion cell M currents (time constants 70 and 280 msec at Ϫ50 mV). It has also been reported that a C-terminal-truncated splice variant of KCNQ2 (Q2S) (Tinel et al., 1998 ) is expressed in human fetal (but not adult) brain; this does not generate currents of itself but, when coexpressed with the normal long form (Q2L), reduced current density and (rather surprisingly) appeared to increase sensitivity to TEA (Smith et al., 2001) . If expressed in immature rat neurons this might affect our measurements of TEA inhibition.
KCNQ5?
In confirmation of previous in situ hybridization results (Schroeder et al., 2000) , PCR analysis revealed mRNA levels for KCNQ5 at least as great as those for KCNQ2. Furthermore, single-cell PCR indicated coexpression of KCNQ2, 3, and 5 mRNA in all individual cells tested. Coexpression of KCNQ2 and 5 protein (and, at P45, KCNQ3 protein) in most neurons can also be inferred from the immunohistochemical data. This raised the question: To what extent do currents through heteromeric KCNQ3/5 channels (and/or homomeric KCNQ5 channels) contribute to the macroscopic currents recorded from these neurons? KCNQ5 currents are much more insensitive to TEA than KCNQ2 currents (IC 50 71 mM; Schroeder et al., 2000) , so a KCNQ3/5 heteromultimer would be predicted to have an IC 50 of ϳ100 mM. This is well above the maximum concentration (30 mM) used in the present experiments. Thus, a contribution of KCNQ3/5 channels to the current would be identifiable only by an extrapolated submaximal inhibition predicted from the single-site KCNQ3/2 inhibition curve. In the 6-week-old neurons, unconstrained concentration-inhibition curves extrapolated to a mean maximum inhibition of 93.7 Ϯ 7.1%. Thus, the contribution of KCNQ3/5 to the native ganglionic M current is likely to be small. However, this may be variable because in 3 of 10 cells the inhibition curves attained a clear, observable maximum between 70 and 80% inhibition above 3-10 mM TEA. In this regard, sympathetic neuron M currents resemble those in hippocampal pyramidal cells where (in spite of clear coexpression of KCNQ2 and KCNQ5 mRNA and protein) in terms of TEA block, the majority of cells behaved as if KCNQ2/3 channels carried all of the somatic M current, with only a minority (30%) showing incomplete block, implying a contribution by KCNQ5 subunits (Shah et al., 2002) .
One possible explanation for the relative paucity of KCNQ3/5 (or KCNQ5) currents might be that these channels have a very much lower conductance than KCNQ2/3 channels. However, this appears not to be the case. KCNQ3/5 heteromultimers, either coexpressed (Lerche et al., 2000; Schroeder et al., 2000) or expressed as tandem constructs, generate substantial currents (Wickenden et al., 2001) . Furthermore, preliminary experiments using KCNQ3/5 tandem constructs expressed in CHO cells suggest a single-channel conductance of ϳ3-4 pS in asymmetric potassium (estimated from single-channel currents recorded at potentials between Ϫ10 and 0 mV: G. Passmore, unpublished observations): approximately half of that (ϳ8 pS) of KCNQ(2 ϩ 3) channels or of concatameric KNCQ3/2 channels (ϳ8 -10 pS: G. Passmore, unpublished observations) when measured at depolarized potentials.
Irrespective of the reason for the apparently weak contribution of KCNQ5 subunit channels to the macroscopic ganglion cell currents, the present results are in accord with previous inferences (Wang et al., 1998; Shapiro et al., 2000; Selyanko et al., 2001 ) that the native M current in mature rat ganglion cells is carried predominantly by KCNQ2/3 heteromultimers, and also indicate that these two subunits coassemble in equal stoichiometric proportions. They also suggest that the formation of the mature heteromeric channel is developmentally regulated, probably through progressively increasing expression of the KCNQ3 subunit.
